Inactivation tests of Ascaris eggs (Ae) were performed using hydrogen peroxide and a Fenton type nanocatalyst supported on activated carbon (AC) (FeOx/C). Blank inactivation tests were also carried out using H 2 O 2 and H 2 O 2 /AC as oxidation systems. The FeOx/C nanocatalyst was synthesized through a novel hybrid method developed in this work. The method is based on the incipient impregnation technique, using isopropyl alcohol as dissolvent and chelating agent of the iron salt and the ultrasonic method. The supported nanocatalyst contained 2.61% w/w of total iron and the support 0.2% w/w. Transmission electron microscopy (TEM)-energy dispersive spectrometer (EDS) images permitted verification of the presence of finely dispersed FeOx nanoparticles, with sizes ranging from 19 to 63 nm. SEM-EDS analysis and TEM images also showed good dispersion of iron oxide nanoparticles, most probably maghemite; γ-Fe 2 O 3 , able to produce hydroperoxyl radical as reported in the literature. The FeOx/C nanocatalyst-H 2 O 2 system showed an average Ae inactivation efficiency of 4.46% Ae/mg H 2 O 2 . This value is significantly higher than the result obtained using the support-H 2 O 2 system and H 2 O 2 alone and it is also better than data reported for the classical Fenton process (homogeneous phase) with or without UV light.
obtained A. suum in large quantities. They also indicate that there is no significant difference in terms of their infectivity and inactivation between eggs dissected from the intestines of mature female worms and eggs isolated from feces.
Advanced oxidation processes (AOPs), especially the Kwan & Voelker ). The mechanism proposed by Lin & Gurol () seems to be the most accepted in the academic community. These authors present a complete series of reactions which are also consistent with other heterogeneous Fenton-like reaction mechanisms. The role of the catalyst in this mechanism is to form a surface complex with the hydrogen peroxide molecule. Reversible electron transfer from ligand to metal can then be compensated by the release of the free OH-radical in the case of Fe (II) and the HO 2 -radical for Fe (III), named either hydroperoxyl radical or perhydroxyl radical, which is the protonated form of the superoxide-radical (pk a ¼ 4.8).
For the complete sequence of reactions, including termination reactions, the reader is referred to the original work (Lin & Gurol ) . Thus, investigation into the development of economical production methods is required for the preparation of efficient nanomaterials for use in water treatment.
This work presents the results of Ae inactivation tests in water, using hydrogen peroxide and an iron oxide or a Fenton type nanocatalyst supported on activated carbon (AC) (FeOx/C), which was produced by a novel hybrid synthesis method, with the promise of a high cost-benefit ratio.
METHODS
The experimental methodology was divided into three main stages: preparation trials of the nanocatalyst, characterization of the material and its support, and inactivation experiments of Ae using three oxidation systems (hydrogen peroxide alone, H 2 O 2 þ support and H 2 O 2 þ FeOx/C).
Materials and reagents
In the synthesis trials, the nanocatalyst's support was a granular AC of mineral origin (LQ 1000, Carbochem Co.) with grain sizes ranging from 297 to 590 μm. An alcoholic solution of iron 0.63 M was prepared using Fe(NO 3 ) 3 •9H 2 O (99%, Merck) and isopropyl alcohol (grade HPLC, Burdick & Jackson), as iron source and solvent, respectively. The Ti(SO 4 ) 2 used for the colorimetric method was prepared in our laboratory by acid digestion of TiO 2 (Degussa) and H 2 SO 4 (Merck).
For the inactivation tests, hydrogen peroxide at 30% w/w (J. T. Baker) was used. A stock suspension of Ae was prepared in a 0.5% formalin solution with eggs extracted from the uterus of female worms; this suspension, with 92% of initial viability, was stored at 4 W C prior to use. The initial viability of Ae was determined by two techniques, incubation and staining (De Victorica & Galván ).
Five tests were performed for both, with the results varying 0.8% between the two techniques. A sodium thiosulfate 0.1 N solution was used as received from Hicel (Mexico)
for quenching the oxidation reaction. was applied for improving the dispersion of the chelated iron salt; this corresponds to the optimal duration as reported by Nagao et al. () . Finally, to produce the FeOx nanoparticles, the sample was heated at 85 W C (decomposition temperature of isopropyl alcohol, further referred to as calcination) for 40 min with N 2 as carrier gas (30 cm 3 /min) in a multifunction system (RIG-100/ISRI). The exhaust gas was analyzed by mass spectroscopy at 8 × 10 À6 torr (Hyden Ltd).
Characterization of materials
The diameter of the iron oxide particles present in AC and The surface area of the materials was determined using N 2 adsorption/desorption isotherms at 77 K with a BelSorp mini II analyzer. Before analysis, samples were heated at 80 W C for 12 h under nitrogen atmosphere for degasification.
The total iron content in AC and FeOx/C was measured by atomic absorption spectroscopy after acid digestion (AAS) using a Spectra AA (Varian) model 220 FS spectrophotometer. Determination of the iron content of AC is important as a reference to determine the amount of Fe incorporated in the support, but also because it may contribute to the hydrogen peroxide decomposition in the heterogeneous Fenton-like reaction, i.e., act as a catalyst by itself.
The morphology and the degree of dispersion of the iron oxides in the support (AC) and FeOx/C nanocatalyst were observed through scanning electron microscopy (SEM) with a Philips XL20 microscope equipped with an EDAX energy dispersive spectrometer (EDS).
Inactivation tests of Ascaris eggs
The catalytic activity of the FeOx/C nanocatalyst was indirectly measured by performing inactivation tests of Ae. 
RESULTS AND DISCUSSION
Preparation of the supported nanocatalyst: iron salt decomposition during nanocatalyst calcination
Quantification of gas emission
The exhaust gas generated during nanocatalyst calcination was used to verify the complete decomposition of nitrate and isopropyl alcohol. Figure 1 Throughout the treatment, no CO emissions were detected, suggesting that isopropyl alcohol combustion was complete.
The nitrate decomposition occurred according to the following reaction:
In accordance with our results, at 85 W C, the most probable iron species present in the nanocatalyst is maghemite (γ-Fe 2 O 3 ). This iron oxide species is not effective for producing hydroxyl radicals (as verified by acid salicylic dosimetry in this work); however, perhydroxyl radical (HO 2 •) production by maghemite is possible, as described by Lin & Gurol () .
Characterization of materials
Iron content -AAS
The iron content of support (AC) and the synthesized nanocatalyst (FeOx/C) was 0.2% w/w and 2.61% w/w, (Figure 4(a) ) which are evidently also seen in the FeOx/C nanocatalyst (Figure 4(c) ). These are mainly silicates and aluminosilicates, with a considerable fraction consisting of quartz. Some of the mineral particles contain small fractions of Fe as well. A typical close-up of the surface of the supporting material is presented in Figure 4(b) . Similar surfaces can easily be found in the FeOx/C material as well.
Not all the particles in the AC sample are identical and different 'surface textures' can be found within the same sample. It is therefore important to compare particles with the same surface appearance when comparing two different samples. The main difference between the starting material The average pore diameter was the same (0.2 nm) for both materials. However, the BET surface areas of AC and FeOx/C were different (951.8 and 642.5 m 2 /g, respectively).
It is expected that the decrease of the nanocatalyst's specific surface area (32.5%) will not negatively influence the production process of ROS because this material shows a significantly (ten times) higher iron content than the support, this latter being the catalyst in the decomposition reaction of hydrogen peroxide. The pore volume of the AC also diminished by 33.7% (from 0.46 cm 3 /g to 0.31 m 3 /g).
These Inactivation tests of Ascaris eggs Table 1 shows the results of the inactivation tests of Ae, which are compared with data reported in the literature for similar processes. When the FeOx/C-H 2 O 2 system is compared with the use of hydrogen peroxide alone, the latter has low inactivation efficiency (0.56% Ae/mg H 2 O 2 ).
The support-hydrogen peroxide system without iron oxides showed an even lower catalytic activity (0.084% Ae inactivation/mg H 2 O 2 ) as compared with H 2 O 2 alone. This result was expected since iron oxides (catalyst) are virtually absent in the support for the perhydroxyl radical (HO 2 •) production; Fe is mostly contained in compact alumino-silicates present in the ash fraction of AC and these silicates have no significant catalytic effect on hydrogen peroxide molecules.
In the absence of active iron species for the production of these ROS, an oxidation-reduction reaction between AC carbon (reducing agent) and hydrogen peroxide (oxidant) can take place. In fact, AC is often used in water treatment for the elimination of residual oxidants, such as ozone and chlorine (Gopal et al. ) . An important advantage in the use of the present supported nanocatalyst is that lixiviated iron concentration was very low (0.07 mg/L) and thus no acidic sludge is generated in the process, eliminating the treatment costs of this hazardous waste. Also, this supported nanocatalyst can be recovered by filtration or electromagnetic processes making possible its reuse with a significant cost reduction.
An economic analysis was developed considering the costs for the production of the nanocatalyst and those for the disinfection process (Table 2) . For this economic analysis, we considered 4% of inflation rate and 100% of financial leverage with 20% of interest for the nanocatalyst production and 6% of interest for the disinfection process.
The disinfection process is self-financed (internal rate of return ¼ zero) in 5 years. The operational cost can be reduced by further optimizing the production process of the nanocatalyst and the operation parameters of the disinfection process. 
